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ABSTRACT 
This document describes the parameterization of longwave radiation in the 
U C L A / G L -  general circulation model. 
the work of Arking and Chou for water vapor and carbon dioxiae and ozone 
absorptances are computed using a formula due to Rodgcrs. 
introduced inro the code in a manner in which fractional cover and random or 
maximal overlap can be accomodated. The entire code has been written in a form 
that fs amenable to vectorization on CYBER and CRAY computers. 
sky computatfons for five standard profiles using the 15- and 9-level versions 
of the model have been included. 
Transmittances have been coaputed from 
Cloudiness has been 
Sample clear 
1. INTRODUCTION 
The parameterization of longwave radiation for general circulation models 
is currently under extensive study. Several experinects have shown that model 
bntegratio1.s over long periods are very sensitive to the particular methods 
used in calculating the radiative terms. However, because of the spectral 
nature of radiation, an accurate description of the radiation field requires a 
summation over several spectral bands. Moreover, since the interaction paths are 
very long, transmittances between each atmospheric level and a l l  other levels 
must be cornlilted and carried through the spectral integration. 
this, the ccmputation of longwzve radiation is the most time consuming step in 
the integration of a general circulation model. One common pwctice is to use 
a fairly detailed and accurate representation of the radiation, but to update the 
model infrequently, say every five hours, even if the physics is updated every 
half hour or  hourly. The problem with this approach is that the life-cycle of 
clouds is often less than the time-interval of the update, and so there can be 
no interaction between radiation and cloudiness on shorter time scales. The 
need, therefcre, is for a fast yet accurate treatment of longwave radiation. 
Because of 
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2. RADIATIVE TRANSFER 
For a clear atmosphere, t h e  upward and downward f l u x e s  a t  p r e s s u r e  l e v e l  p ,  
i n t e g r a t e d  over  t h e  s p e c t r a l  range Au, can be w r i t t e n  as 
and 
D A T  I 
where Bu(T) is  t h e  blackbody f l u x  a t  temperature  T and wavenumber 
i s  t h e  d i f f u s e  t . - m s m i t t a n c e  between t h e  l e v e l s  p and p O ,  and t h e  
v, .rv(P,PO) 
s u b s c r i p t s  s 
and t denote t h e  s u r f a c e  and t h e  t o p  of t h e  atmosphere, r e s p e c t i v e l y .  I n  o r d e r  
t o  use Equations ( l a ,  b)  as w r i t t e n ,  t h e  s p e c t r a l  i n t e r v a l  must be ve ry  narrow, 
s i n c e  T, v a r i e s  very r a p i d l y  wi th  wavenumber. 
problem by r e s o r t i n g  t o  c e r t a i n  assumptions r ega rd ing  t h e  d i s t r i b u t i o n  of s p e c t r a l  
l i n e s  i n  t h e  v a r i o u s  abso rp t ion  bands and c o n s t r u c t i n g  approximate band models. 
I n  p r a c t i c e ,  models avoid t h i s  
We have adopted t h e  method desc r ibed  by Chou and Arking (1980) and Chou (1984) 
f o r  t h e  water vapor bands, Chou and Peng (1983) f o r  carbon d iox ide  and Rodgers 
(1968) f o r  ozone. Table 1 l is ts  t h e  s p e c t r a l  r eg ions  covered for each of t h e  
bands i n  the  model. A p a r t  from l i n e  abso rp t ion  i n  t h e  v a r i o u s  bands, t h e r e  i s  
a l s o  water vapor continuum abso rp t ion  over  a wide s p e c t r a l  r eg ion  t h a t  ove r l aps  
with water vapor l i n e  abso rp t ion  as w e l l  as t h e  carbon d iox ide  and ozone abso rp t ion  
bands. This continuum absorptance,  computed from a formula g iven  by Rcberts  
-* e t  a 1  ’ (1976) i s  m u l t i p l i e d  by t h e  l i n e  t r a n s m i t t a n c e s  where a p p r o p r i a t e .  
D e t a i l s  are given i n  Chou and Kouvaris (1981). 
An a l t e r n a t e  form of t h e  f l u x  equa t ions  i s  ob t s ined  through i n t e g r a t i o n  by 
parts of ( l a , b )  reducing them t o  
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where 
In the 9.6 DU and 15 pm bands, the spectral width of the band is sufficiently 
narrow such that a mean value of the Planck function may be used. That is, 
For carbon dioxide, the spectral integration is performed separately over the 
band center from 620-720 cm-l and the band wings from 540-620 cm-l and 720-800 cm-l. 
The transmittance in the ozone band is obtained by scaling the band absorptanco 
given by Rodgers (1968), assuming that all absorption by ozone is confined to 
the 980-1100 cm-’ region. For water vapor, the variation of B, and -ry in (2c) 
is accounted for over the various spectral ranges. Details o€ the technique 
used to compute transmittances may be found in the references quoted above. 
For cloudy skies, if an assumption is made that the clouds are black a t  
thermal wavelengths, the above equations can be written very easily for a 
completely overcast sky by replacing the limits on the exchange integral, since 
transmission through a black cloud is zero. However, we have retained the 
possibility of allowing fractional cloud cover in the various model layers OL 
p a r t i a l  t r ansmi t t ance  through h igh  tenuous c louds .  Therefore ,  a s l i g h t l y  
d i f f e r e n t  computdt ional  approach has  been used u t i l i z i n g  t h e  p r o b a b i l i t y  of a 
c l e a r  l i n e  of s i g h t  between each  l a y e r  and a l l  o t h e r  l a y e r s ,  t h e  ground and t h e  
t o p  of t h e  atmosphere. This  w i l l  be expla ined  i n  t h e  d e s c r i p t i o n  of t h e  code. 
The f i n a l  r e s u l t  r eqe t r ed  by t h e  dynamic model i s  t h e  r a d i a t i v e  coo l ing  
ra te ,  o r  t h e  divergence of t h e  n e t  f l u x .  I n  terms of t h e  q u a n t i t i e s  computed by 
Eqs. (2a ,  b )  t h e  cool ing  rate i s  
- dT = A d  (FC - F+) 
d t  Cp d p  
( 4 )  
Of course ,  a l l  o t h e r  f l u x e s  are a v a i l a b l e  and t h e  n e t  f l u x  a t  t h e  s u r f a c e  i s  
needed t o  perform the  s u r f a c e  energy balance.  For d i a g n o s t i c  purposes ,  t h e  
upward f l u x  a t  t h e  t o p  of t h e  atmosphere i s  a l s o  r e t a i n e d  as output  of t h e  
r a d i a t i o n  model. 
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3. RADIATION CODE 
In principle, if the atmospheric. parameters such as temperature and mixing 
ratio of water vapor, carbon dioxide and ozone 3re given, the various transmit- 
tances required f o r  the flux computation can be obtained using the theory 
covered in the various references cited earlier. In general, the transmittance 
depends on the atmospheric temperature, presure and amount of absorbing gas. 
The atmosphere, however, is inhomogeneous in that the absorber amount, pressure 
and temperature are functions of altitude, and the absorbing path has to be 
suitably scaled in order to compute the transmittan.e. Again, the references 
cited explain the theory and techniques utilized. Practical difficulties arise 
when the exchange integrals in ( 2 )  are to be set in a numerical procedure to 
compute fluxes. 
ature and layer mean temperatures and mixiag ratlos for the model layers. However, 
the flux integrals are over a continuous atmospheric path, and the modeler is 
faced with the familiar problem of discretization. Since transmittance is a 
non-linear function of atmospheric path, widely varying results can be obtained 
depending on the assumptions made regarding the structure of temperature and 
mixing ratio between model levels. This problem of interpolation h,d been dealt 
with in various ways. Usually, the dynamic model layers are further subdivided 
and assumptions made about the profiles within the layer. Even after this, 
differelit quadrature schemes can yield different results, especially over paths 
where the transmittance varies rapidly. 
The dynamic atmospheric model provides only the surface tempzr- 
I n  the radiation code that we have designed, we have side-stepped the inter- 
polation problem by computing absorber amounts assuming that the mixing ratio 
of absorbing gas in each atmospheric layer is constant. The flux computations 
require that the temperature be known at the layer interface (each level of the 
model). For this, we interpolate the tempercture linearly in the logarithm of 
pres su re  f o r  a l l  l e v e l s  except  t h e  top  and bottom of t h e  p l a n e t a r y  boundary 
l a y e r  which i s  t h e  lowest layer of t h e  model. The temperature  a t  t h e  t o p  and 
bottom of t h i s  l a y e r  i s  computed by fol lowing t h e  a p p r o p r i a t e  a d i a b a t .  The 
dynamic model f u r n i s h e s  information up t o  t h e  h i g h e s t  l a y e r  i n  t h e  r o d e l ,  but  
t h e r e  i s  some r e s i d u a l  o p a c i t y  i n  t h e  upper atmosphere t h a t ,  i f  ignored,  could 
i n f l u e n c e  f l u x e s  and coo l ing  rates i n  t h e  upper l a y e r s  of t h e  model. Usual ly ,  
some r a d i a t i o n  l a y e r s  are i n s e r t e d  above t h e  model l a y e r s  and c l i m a t o l o g i c a l  
information r ega rd ing  temperature  and mixing r a t i o s  supp l i ed  t o  t h e  r a d i a t i c  i 
code. I n  t h e  15-level  UCLA model, t h e  uppermost layer is  cen te red  a t  1.4 mb 
with i t s  bottom a t  1.9 mb, and i t s  upper boundary a t  1 mb. We inser t  one 
r a d i a t i o n  l a y e r  between 0 and 1 mb, and s p e c i f y  t h e  temperature  and n i x i n g  
r a t i o s  i n  t h i s  l ayer ,  f o r  example t h a t  they are t h e  same as those  i n  t h e  top  
layer of t he  model. 
The d e s c r i p t i o n  of t h e  r a d i a t i o n  code i s  g iven  below i n  s e p a r a t e  s e c t i o n s  
f o r  each subrou t ine  and a l i s t i n g  i s  a t t ached  i n  t h e  appendix. The code as pre- 
s en ted  i s  designed f o r  c l a r i t y  r a t h e r  than op t imiza t ion .  It  i s  a l s o  w r i t t e n  
s o  t h a t  i t  can be v e c t o r i z e d  q u i t e  e a s i l y  f o r  use on CYBER and CRAY machines. 
Only key s t a t emen t s  a r e  exp la ined  with r e fe rences  t o  t h e  papers  from which t h e  
equa t ions  were obtained.  
SUBROUTINE RADIR 
This i s  the  d r i v i n g  program of t h e  longwave r a d i a t i o n  code. The i n p u t  t o  
t h i s  code i s  the  a t n o s p h e r i c  p r o f i l e  of temperature and gaocous c o n s t i t u e n t s .  
The inpu t  parameters passed t o  t h e  sub rou t ines  a r e  copied i n t o  i n t e r n a l  v a r i a b l e s .  
NDATA i s  the number of layers i n  the model which i s  15 f o r  t h e  15-level  UCLA 
GCM. T h e  o t h e r  v a r i a b l e s  a r e  as fol lows.  
PU = pres su re  a t  each l e v e l  of t he  model 
PA = pres su re  a t  t h e  middle of each l a y e r  
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TA = mean temperature of the layer defined at pressure PA 
TS = surface temperature 
WA = water vapor mixing ratio of the layer defined at pressure PA 
OA = ozone mixing ratio of the layer defined at pressure PA 
CSS = random overlap cloud fraction 
CCU = maximum overlap cloud fraction 
The pressure at the top and bottom of the extra layer inserted on top of 
the dynamic model is designated PU(1) and PU(2) and defined. ?he cloud fraction 
in this layer is 0.0 and all other cloud fractions are constrained to lie between 
0.0 and 1.0. After calls to the other subroutines, the fluxes at each level 
are returned to RADIR for the computation of cooling rates using (4). 
FAC is a conversion factor and since fluxes are in c.g.s. units, a conversion 
is also applied to obtain the upward flux at the top of the atmosphere (ULWTOP), 
the downward flux at the surface (DLWBOT) and the net upward flux at the surface 
(RS) in Wm-*. The c-ooling rates in the 15 model layers are returned to the main 
program and are in O C  day-1. 
The term 
SUBROUTINE INUATA 
When the program is run for the very first time, dara is read in through 
this subroutine call. The data concerns the G-function and temperature 
corrections in the water vapor bands and is stored in tables. There is a 
subroutine call to a table look up program that computes the relevant numbers. 
This will discussed later. 
SUBROUTINE SETUP 
This routine does some housekeeping on the input variables and a l so  performs 
the temperature interpolation and computes scaled absorber amounts. 
of the interpolation, the variables are on a vertical grid as shown in Figure 1. 
The amount of water vapor and ozone in each layer is computed from 
At the end 
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where q is t h e  mixing r a t i o .  
A f a c t o r  of 1.02 is used t o  conver t  t h e  p re s su re  t o  c.g.8,. u n i t s  and d i v i d e  i n  
t h e  a c c e l e r a t i o n  cons t an t .  
on t h e  allowed mixing r a t i o .  
s t ages .  
Some p o i n t s  t o  no te  are t h a t  t h e r e  is a lower l i m i t  
This  is t o  prevent  numerical  problems a t  later 
Although ( 5 )  g ives  t h e  amount of water vapor i n  a column of a i r  from 
p t o  p as mentioned earlier, i t  is necessary  t o  scale t h i s  amount t o  compute 
t h e  t ransmiss ion .  I n  t h e  r o u t i n e  w e  have def ined  t h r e e  sca l ed  water vapor 
abso rp t ion  pa ths ,  one each f o r  t h e  band c e n t e r s  and band wings and one f o r  
e-type absorp t ion .  
1 2 
The pa th  f o r  band a b s o - , t i o n  is of t h e  form 
P 
w1 (P1,P2) J (P"/Pr)m R [T(P"),TrI S(P") dF"/g (6 )  
P0 
and f o r  e-type abso rp t ion  is 
P 
e(p") .  exp[1800 ('/T(p") - l / T o ) l  q(p")  dp"/g. ( 7 )  
The temperature  dependent func t ion  R i n  ( 6 )  is w r i t t e n  as SZ1 f o r  t h e  band 
cen te r  and SZ2 f o r  t h e  band wings and is given by 
where r - 0.005, T r  - 235'K f o r  t h e  band c e n t e r s  and r = 0.016 and T r  = 256'K 
f o r  t h e  wings. 
f o r  t h e  wings and m = 1. f o r  both.  
p re s su re  i n  atmospheres and To = 29C'K. 
The r e fe rence  p res su re ,  P r ,  i s  275 mb f o r  t h e  c e n t e r  and 550 mb 
I n  ( 7 ) ,  e (p" )  is t h e  water  vapor par t ia l  
The equa t ion  is coded as XX = ........ 
with  UBAR denot ing t h e  sca l ed  path l e n g t h ,  w3, from each  preseure  l e v e l  t o  the top  
of t h e  atmosphere. 
i n  atrrospherea and is (0.622*1013) and ex,,: l ined  i n  Chou and Kouvaris :1981). 
The f a c t o r  630 i n  t h e  code conver t s  mixing r a t i o  t o  vapor p r e s s u r e  
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VBAR and WBAR are respectively, the scaled path le-.gths in the band center and 
wings. UBARM, VBARM and WBARM are the means of path lengths from two adjacent 
layers to the top, a quantity that is required later in the computation of 
transmission. 
The scaled amount of carbon dioxide denoted by PSCALV for the band center 
and PSCALW for the wings is obtained from (6) with c(p") replacing q(p") where 
the concentration of C02 Js in ppm. 
used here. 
since scaling in c is linear. 
and 300 mb in the wings while m = 0.85 in the center and 0.5 in :he wings, 
pressures p<pc, the pressure scaling is (pc/pr) where pc = 1 mb. 
scaling R(T,Tr) is written as in (8) with r = 0.0089 in the center and 0.025 
in the wings; 
path lengths PSCAMV and PSCAMW are also computed. 
A conversion factor of 0.26 for 330 ppm is 
Any other concentration can be used by changing the number accordingly 
The reference pressure, Pr, is 30 mb in the center 
For 
The temperature 
Tr = 240'K for both regions. As in water vapor, the mean scaled 
The ozone amount is given by (5) without any temperature scaling replacing 
q by the ozone mixing ratio. 
brosdening pressure for a path is required and this is given by 
Additionally a quantity called the effective 
The ozone amount is coded as V while the numerator of (9) is coded as U in the 
subroutine. Additionally mean quantities UM and VM are also computed. 
SUBROUTINE IRFLUX 
This subroutine computes the fluxes in each of the bands in turn and adds 
them up. The various terms in (2a,b) are computed by calls to other subroutines 
that calctlnte the appropriate transmission functions. 
The G-functions for water vapor defined by (2c,d) are computed here. As 
explained in Chou (1984), 
-9- 
G(w ,w ;T) - T (w ,w ;T) B (T) (10) 
1 3  1 3  
where w1, w3 are defined by (6) and (7) and B(T) is the Planck function at T 
integrated over the wavelength interval in question. 
is itself parameterized as 
The transmission, T(W ,w ;T) 
1 3  
T (wl,w3;T) = T (w1,w3; 250111 + a (wl,w3)(T - 250) + 8 (wl,w3)(T - 250)21 
(11) 
The quantities, T (w ,w ; 25d), c and B are obtained from a table lookuo through 
a call to subroutine TABLE or a parameterization in subroutine GFUNC. 
banc! cencer, only w1 is needed whereas for the band wir.gs both w1 and w3 are 
needed. 
1 3  
For the 





passing ar-ument to TABLE or GFUNC contains ihree path 1eng:hs UBAR,VBAR 
WRAR. 
The downward flux is computed from (2b) for which the terms G(p,pt,T(pt)) 
Pt 
1 AG(p,p ,T(pE))) are required. In  the code, G(p,pt,T(p,) is called SHT 
P 
is computed for each level in the model starting with the second level and 
proceeding down to the surface. 
radiation level, 0 mb, is zero and so no comp*itations are performed for that 
Sy definition, the downward flux at the topmost 
level. For each level, the term bc is computed with respect to all other layers 
following an approximatisn given in Chou and Kouvaris (1981). Basically, the 
approximation states that the contribution to the exchange jntegral at level I 
from a layer 3 is the product of the change in Planck function across the layer 
J and the transmission from the middle of laser J to level I hence the need for 
computations of mean absorber amounts in SETUP. The term8 hG are called SG in 
the code for both upward and downward fluxes. Note that SG ie two-dimensional 
and only one half of th? array is used for the downward flux, whereas the other 
half is used for the upward flux. For the upward flux, [G(p,p,,Ts) - G(p,p,,T(p,))] 
is called SHU and is computed for each level except the surface. 
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The Planck function integrated over the spectral raQge in each band is 
The computed by linear interpolation from tables given by DATA statements. 
nomenclature is 
SV = Planck function in water vapoi band center 
Srl = Planck function in water vapor band wings 
BAI = Planck function in 15 rn regiori 
BWI = Planck function in 9.6 rn region 
SH = Planck function integrated over entire spectrum 
The terms in the flux equation in the 9.6 and 15 m region are compited 
after calls to subroutine TRC03 vhich returns the transmission in the 15 rn 
region as TAUF and in the 9.6 rn region as TXUF. 
appropriate difference in Planck function across the layer are added to the SG 
calculated for water vapor. 
These, when multiplied by the 
After G and ffi are computed, the upward and downward fluxes, FU and FD are 
calculated. For the clear sky, all cloud parameters CS, CC and CEI are unity and 
the fluxes are simply summations of 
SG is stlmmed in SUM and the iownward flux is written as 
ffi over the appropriate layers. The variable 
FD = SUM - SHT + SH 
while the upward flux is written as 
FU = SUM + SHU + SH 
following (2a,b). 
the surface is assumed to have unit emissivity in this code. 
the surface, FU = SH. 
The upward flux at the surface is the black body flux since 
Therefore, for 
SUBROUTINE TRC03 
This subroutine computes the transmittance in the C02 and 03 regions given 
-11- 
the scaled atmospheric paths for the various absorbers. 
The transmittance in the 1 5 m  region is expressed as 
T (Wl,w2,w3) = f (wl) f(w2) T (w3) (12) 
where subscripts 1, 2 and 3 refer to water vapor line, C02 line, and water 
vapor e-type absorption, respectively and the multiplicative property of 
transmittances has been used. 
are given in Chou (1984) and are 
Expressions for T (wl) and T (w;; in this region 
f (w,) = exp [-6.7wl/(1 + 16wloo6)1 
and 
The C02 band transmfttance LS expressed as 
T (w) = exp [-aw/(l + bun)] (15) 
for both the band center and wings. The values of a, b akld n are given in Chou 
6nd Peng (1983). Note that the wide band model has been used here. The trans- 
mittance T (w2) is given by suitably weighting (15) in the band center and 
wings, €.e. 
(16) T (w2) = - 1 [ T ~  Auc + 'ZJ Auw] 
AU 
where c and w refer to the center and wings respectively. 
Avc = 100 ca-' and Auw = 130 crn" and the ratio of wefghts is therefore 5:8. 
Th2 trarsmittance is denoted by TAUF and passed back to IRFLUX. 
For the model used here, 
The transmittance in the 9.6~0 region is computed by a modification of the 
band absorptance formulation given in Rodgers (1968). If we assume that all 
the ozone absorption is restricted to the 980-1100 cm'l interval, then the 
average transmfttance in that interval based on Rodgers' formula is 
-1 2- 
345 . 28U0 
0.876p 
3) - 1 1  I T = 1 - 81*21 (1 - exp (-4.398 p - /  { 1 + 4 ( O3 120.0 (17) - 
where Uo is the column amount of ozone expressed in gcm-2 and p is the effective 
broadening pressure in atmospheres. If 
layer and tip is the pressure thickness of the layer in nb and X is the ozone mixing 
3 
is the mean pressure of the atmospheric 
ratio in g/g in the layer, then 
u03 = 1-02 
for each layer and the path through several 
u03 = f l.02 
4) (18) 
contiguous layers is 
xi APi - (19) 
The effective broadening pressure in atmospheres, for a path through several 
contiguous layers is 
. 
(20) 
The ozone amounts and the numerator of (20) were calculated in SETUP and are 
passed from IRFLUX. A note of caution here is that if OZAI in SETUP is very 
small, there is a danger of computational overflow in using (20). 
rectified by setting a small non-zerc value for OZAI if OZAI is zero or very 
nearly so. If the model is to be run without ozone, XZ = 1.0 in the subroutine. 
This can be 
The transmittance in the ozone band has to be multiplied by the transmittance 
The weak water vapor line in the water vapor continuum that overlaps this region. 
absorption 2: neglected so only w computed by ( 7 )  is needed. The transmittance 
is given in Chou (1984) and is 
3 
T(W ) = exp (-9.7% ) (21) 
3 3 
and is denoted by TXUF. 
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SUBROUTINE TABLE 
Calls t o  this Subroutine are made to compute dw ,w ; 2501, Q(w ,w 
1 3  1 3  
and B(w ,w ) as defined by (11). Tables are read in at the start of the 
1 3  
program and during an integration the values are interpolated and returned to 
the calling subroutine. A description of the table and the tables themselves 
are given in Chou (1984). 
For the band center, the quantities ,re a function only of VBAR which is w 
the center, called B in the subroutine. T, a and B are given at regular intervals 
The table is used oulp for the water vapor bands. 
for 
1 
in log w ; there are 22 values from log w = -6.0 to log w = 0.3.  Extra- 
10 1 10 1 10 1 
polation is permitted for larger values of log 
that T - > 0.0. T, a, B are returned as WV, YV, ZV, respectively. 
w but a check is made to ensure 
10 1 
For the band wings, both w and w determine T, a and B and so the table is 
1 3 
two-dimensional with 22 values of log w from log w = -5.4 to log w = 0.9 
and 19 values of w from 0.0 to 0.054. The scale for w is linear unlike that 
for w . In the wings, w is WAR, called A in the subroutine, while w is VB-AR, 
10 1 10 1 10 1 
3 3 
1 1 3 
call C in the subroutine. Again a check is made to ensure that f - > 0." The 
two-dimensional table lookup is linear in log w and w . T, a, $ are returned 
10 1 3 
as WW, YW, ZW, respectively. 
Since the table lookup procedure cannot be vectt.rized very easily, we have 
tried to replace the table by polynomial fits valid in the range of the table. 
This subroutine tal-led GF'UNC is also provided in the code and has the same input and 
ourput arguments as TABLE. 
SUBROUTINE CLOUDS 
In the longwave, clouds are consfdered to be non-reflecting and are assumed 
to completely fill a model layer in the vertical. In the horizontal, clouds 
are permitted to occupy a fraction of the grid box or to be partially transmitting, 
In either case the cloud fraction is expressed as a number between 0.0 and 1.0, 
-14- 
with 0.0 cxresponding to clear skies and 1.0 to a completely filled opaque 
cloud. A completely filled layer of thin clouds of given emissivity is designated 
by the sane parameter between 0.0 and 1.0 since for non-reflecting clouds, 
partial ff,ling and partial transmission are interchangeable. The cloudy sky 
fluxe.; a*(: computed from the same set of equations 3s the clear sky with certain 
multiplicative cloudiness factors depending on probabilities of clear line of 
sight be:ueen levels. These probabilities are computed in SUBROUTINE CLOUDS, 
the input: :o which specifies -loud fraction in each level and also whether the 
cloitds arc randomly overlapped or maximally overlapped. In the program the 
two rinds .jf cloudiness are specified independently, with CSS referring to 
randou overlap fraction and CCU to the maximum overlap fraction. 
The flux equations for partially cloudy skies are given below for the 
simple case illustrated in Figure 2. 
layer 3 ,  
Consider a 5 layer model with a cloud in 
If that is the only cloudy layer and fractional cover is N, then (2b)  
for the downward flux at a level below the cloud can be written as 
where pc 
be written as 
is tlie level of tilp cloud base, in this case, level 4. But (22)  can 
b 
T: rt 1 




+ J aG(p’,p’,T(p’))/aT dT(p’) (23) 
by 8p.itting the limit& of the first integral. 
involves the tranfiruittance between level p and the top of the atmosphere, pt, 
it is evident that (1 - N) is the probability of a clear line of sight between 
Noting that G(p,pt,T(pt)) 
-15- 
p and pt s i n c e  p is below cloud base. 
and pt,  t h e  p r o b a b i l i t y  between p and p’ is  a l s o  (1 - N). 
p and pcb t h e  p r o b a b i l i t y  i s  1.0. 
S imi l a r ly  f o r  a l l  l e v e l s  between pc 
b 
For l e v e l s  between 
Therefore  (23) can be w r i t t e n  as 
where C(p,p’) is t h e  p r o b a b i l i t y  of a clear l i n e  of s i g h t  from p t o  pO. Comparing 
(24)  wi th  (2b) ,  we see t h a t  t h e  form is  t h e  same except  f o r  t h e  m u l t i p l i c a t i o n  
of t h e  f a c t o r s  C(p,pt) and C(p,p’). These are coded as CH and CS re spec t ive ly .  
It can be shown t h a t  t h e  apward f l u x  above t h e  cloud l a y e r  is  g iven  by 
The p r o b a b i l i t y  of a clear l i n e  of s i g h t  from l e v e l  p t o  t h e  s u r f a c e  is coded 
as CC. These cloud f a c t o r s  CH, CC and CS a r e  passed back t o  IRFLUX f o r  f l u x  
computations. 
I f  t h e r e  a r e  c louds  i n  more than  one layer,  ( 2 4 )  and ( 2 5 )  can s t i l l  be 
used but  t h e  c loudiness  f a c t o r  w i l l  depend on t h e  f r a c t i o n  i n  each l a y e r  and 
cloud over lap .  The problem Oi f r a c t i o n a l  cloud ove r l ap  i s  s t i l l  under s tudy  
and t h e r e  i s  no consensus on the  p re fe r r ed  form of ove r l ap  i n  gene ra l  c i r c u l a t i o n  
models. This  ques t ion  i s  only of academic importance i n  models t h a t  assume 
e i t h e r  c l e a r  s k i e s  o r  complete ove rcas t .  I n  t h e  c u r r e n t  r a d i a t i o n  code w e  
a l low f o r  two kinds of ove r l ap ,  random and maximum. These are i l l u s t r a t e d  i n  
Figs .  3 and 4. 
Only some s e l e c t e d  p r o b a b i l i t i e s  of c l e a r  l i n e s  of s i g h t  w i l l  be i l l u s t r a t e d .  
In  Figs .  3 and 4 f o r  example, N 1 ,  Np and N5 = 0.0, and C(6 , l )  can be seen t o  be 
-16- 
fo r  maximum ove r l ap ,  where MIN is  the  minimum f u n c t i o n .  For random o v e r l a p ,  
C(6 , l )  = (1 - N3) * (1 - N 4 )  ( 2 7 )  
I n  o b t a i n i n g  C f o r  downward f l u x ,  t h e  p r o b a b i l i t i e s  are computed s t a r t i n g  from 
the t o p  going down us ing  equat ions  l i k e  (26)  and ( 2 7 ) .  I n  g e n e r a l ,  c loud 
f a c t o r s  are of t h e  Eorm Ci,j where i is  the l e v e l  a t  which the f l u x  is t o  be 
computed and j i s  t h e  l e v e l  t o  which t h e  p r o b a b i l i t y  of a clear l i n e  of s i g h t  
i s  needed. For  t h e  downward f l u x ,  j = 1 corresponds  t o  t h e  f a c t o r  CH i n  t h e  
code whi l e  f o r  t h e  upward f l u x  i f  j i s  t h e  lowest  l e v e l  of the  model ( s u r f a c e ) ,  
then  t h e  f a c t o r  i s  CC i n  t h e  code. The downward cloud f a c t o r s  are computed by 
C i , j  = MIN I ( 1  (28) 
f o r  maximum ove r l ap  and 
Nj), ( 1  - Nj+l) ,  ( 1  - N j + z ) . . . . . . . .  (1 - N i - l ) ] ,  
f o r  random over lap .  The upward cloud f a c t o r s  a r e  computed by 
fo r  maximum ove r l ap  and 
f o r  random over lap .  The cloud f a c t o r s  f o r  maximurn and random o v e r l a p  are computed 
s e p a r a t e l y  and then  m u l t i p l i e d  t o  g i v e  t h e  f i n a l  p r o b a b i l i t y  of clear l i n e  of 
s i g h t .  It i s  p o s s i b l e  t o  have a maximum o v e r l a p  cloud f r a c t i o n  and random o v e r l a p  
clouc' f r a c t i o n  ass igned  t o  t h e  same l a y e r  bu t  it is  u n l i k e l y  t h a t  a model w i l l  
be able t o  make such s p e c i f i c a t i o n s .  We a n t i c i p a t e  that  t h e  most corcmon usage 
w i l l  be f o r  layers of maximally overlapped cloud f r a c t i o n s  i n  consecut ive  l a y e r s  
-17- 
overlapped w i t h  a broken cloud l a y e r  o r  c i r r u s  l a y e r  eepa ra t ed  by clear l a y e r s .  
For example i n  Fig. 3, i f  N 1  was t h e  f r a c t i o n  of randomly overlapped clouds in 
l a y e r  1 wi th  N3 and N4 t h e  maximum o v e r l a p  cloud f r a c t i o n s  i n  l a y e r s  3 and 4 
r e s p e c t i v e l y  and N2 = 0 s i g n i f y i n g  a c l e a r  layer 2 ,  t hen  (26)  would read 
C ( 6 , l )  = MIN [ ( l  -. N3), ( 1  - Nq)] * ( 1  - N1) (32)  
However, if t h e  downward f l u x  a t  l e v e l  3 was needed, t h e  a p p r o p r i a t e  f a c t o r  
would be C( 3,l) and t h i s  would be given by 
The cloud f r a c t i o n s  i n  l a y e r s  3 and 4 would not e n t e r  i n t o  t h e  comput2:ions 
s i n c e  l e v e l  3 i s  above t h e  two l a y e r s .  Th i s  s i m p l e  example i l l u s t r a t e s  t h e  
usage of SUBROUTINE CLOUDS. 
-18- 
4. SAMPLE COMPUTATIONS 
The r a d i a t i o n  code has  been used t o  compute f l u x e s  and c o c l i n g  rates u s i n g  
f i v e  s t anda rd  p r o f i l e s  shown i n  Tables  2-6. 
being used i n  an intercomparison p r o j e c t  i n  which GLAS is a p a r t i c i p a n t .  
i n p u t  parameters have been i n t e r p o l a t e d  t o  t h e  l e v e l s  corresponding t o  t h e  15- 
and %layer v e r s i o n s  of t h e  UCLAfGLkS GCM. 
The i n p u t  p r o f i l e s  are c u r r e n t l y  
The 













CR15  = 
CR9 = 
p r e s s u r e  at. t h e  middle of each l a y e r  i n  mb 
p r e s s u r e  a t  t h e  bottom of each l a y e r  i n  mb 
temperature  of t h e  l a y e r  de f ined  a t  p r e s s u r e  PA i n  Kelvin 
water vapor mixing r a t i o  i u  l a y e r  i n  g /g  
ozone mixing r a t i o  i n  l a y e r  i n  g i g  
upward f l u x  a t  each l e v e l  i n  15-layer model i n  
as above i n  9-layer model 
downward f l u x  a t  each l e v e l  i n  15-layer model i n  Wm-2 
as above i n  9-layer model 
net  upward f l u x  a t  each l e v e l  i n  15-layer model i n  WUI’~ 
as above i n  9-layer model 
coo l ing  ra te  ,n each l a y e r  i n  15-layer model i n  Cels ius/day 
as above i n  9-layer model 
The same p r o f i l e s  have been used € o r  t h e  two models. The 9-layer model has 
t h e  same v e r t i c a l  s t r u c t u r e  as the n i n e  lowest layers of t h e  15-layer model. 
t op  of t h e  15-layer model i s  a t  1.0 mb whereas t h e  t o p  of t h e  9- layer  model is 
a t  51.8 mb. Fluxes and coo l ing  rates have been presented such t h a t  t h e  va lues  
i n  l a y e r s  o r  l e v e l s  a t  t h e  same p r e s s u r e  are i n  t h e  same row i n  t h e  t a b l e .  Of 
cour se ,  r e s u l t s  are not  presented f o r  t h e  s i x  upper layers missing i n  t h e  9- layer  
model. The coo l ing  rates comguted f o r  t h e  9-layer model do n o t  d i f f e r  s u b s t a n t i a l l y  
The 
-19- 
from the 15-layer results except for the top one or two layers of the model where 
the cooling rate itself is quite small. These rxsults also compare favorably 
with results obained for 31 layers using the same profiles. 
thP code used to obtain the results in the five tables used SUBROUTINE TABLE 
for the water vapor transmittance and computed the temperature at the top and 
bottom of the boundary layer by following a dry adiabat. However, the code given 
in the appendix uses interpolated temperatures for these two levels. 
The version of 
-20- 
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Spectral regions In the longwave radiation scheme. 
H20 band H20 band C02 band C02 band 03 band 
centers wings center wings 
Spectral 0-340 340-540 620-7 20 540-620 980-1 100 
range 1380-1900 800-980 7 20-800 
(cm-1) 11 00-1 380 
1900-3000 






















































PU TA QL 
1.9 267.8 0.325E-05 
3.7 258.2 0.325E-05 
7.2 247.6 0.325E-05 
13.9 237.8 0.325E-05 
26.8 228.6 0.325E-05 
51.8 216.3 0.325E-05 
100.0 201.4 0.325E-05 
152.6 202.0 0.331E-05 
223.4 218.3 0.742E-05 
314.9 233.9 0.786E-04 
431.4 249.3 0.44fE-03 
575.5 265.0 0.143E-02 
751.6 279.6 0.398E-02 
------I--------- 
--.- ----- --------- 
963.0 291.2 0 .  IO~E-OI  
1013.0 298.7 0.158~-01 









0.75 1 E-07 
O.656E-07 
0.588E-07 







W A T T S  PER SQUARE HETER 
upis UP9 ON15 ON9 NTl5 NT9 
............................................ 
----- ----- ----- ----- ----- ----- 
297.1 1.1 296.0 
297 *o 1.6 295.4 
296 7 2.4 294.2 
296.2 3.5 292.7 
295 9 5.1 290.8 
296.0 7 00 289.1 
302.5 302.5 13.8 12.3 288.7 290.2 
297.6 296.7 8.5 5.2 289.0 291.5 
299.6 299.6 10.3 8.3 289.2 291.3 
308.1 308.1 23.0 21.8 285.1 286.3 
318.3 318.3 52.7 51.6 265.6 266.7 
336.5 336.5 103.8 102.8 232.7 233.: 
364.5 364.5 168.9 167.9 195.6 196.6 
400.2 400.2 250.2 249.2 150.0 151.0 
447.2 447.2 359.0 358.3 88.2 88.9 
459.3 459.3 392.0 391.4 67.3 67.9 
COOL I NG RATES 
DEGREES / DAY ------------- 





















































MIDLATITUDE SUAMER PROFILE 
---o.-)---L--------o------ 
PA PU TA QL 
1.4 1.9 274.7 0 . 4 0 0 ~ - 0 5  
2.7 3.7 264.8 0.400~-05 
19.3 26.8 232.2 0.400~-05 
,].3 51.8 222.1 0.400~-05 
72.0 100.0 216.9 0,400~-05 
187.2 223.4 217.7 0 . 8 1 9 ~ - 0 5  
502.2 575.5 262.4 0 . 1 0 3 ~ - 0 2  
662.1 751.6 275.6 0 . 2 9 2 ~ - 0 2  
---- .--- ----- -------o- 
5.2 7.2 252.5 0.400E-05 
10.0 13.9 241.5 0.400E-05 
125.7 152.6 216.1 0.400~-05 
268.2 314.9 2 3 . 1  L. 11)E-0) 
372.1 431.4 248.0 O.4O2E-03 
855.7 963.0 287.8 0.731E-02 
987.9 IO13.O 293.1 O.1lOE-01 
SURFACE TEHPERATURE = 294.0 
FLUXES 
WATTS PER SQUARE METER 
03 
0.606E-05 







0.47 1 E-06 
0 .  i5iE-06 
0.756~-07 
0 . 5 8 2 ~ - 0 7  
0.515E-07 
0 . 2 4 0 ~ - 0 6  
0 . 1 0 3 ~ - 0 6  



















































































COOL I WG RATES 





















































RIDLATITUDE WINTER PROFILE .......................... 
PA PU TA QL 
1.4 1.9 258.1 0.WE-o5 
2.7 3.7 243.0 O.WE-05 
5-2  7.2 227.8 0.403E-05 
10.0 13.9 220.6 0.kOOE-05 
19.3 26.8 218.5 0.soOE-05 
37.3 51.8 215.3 0.WE-05 
72.0 100.0 215.7 0.soOE-05 
125.8 152.9 217.5 O.446E-05 
187.7 224.1 218.7 o.g02~-05 
269.2 316.1 221 .6 0.223€-04 
373.6 433.3 234.7 0.986E-04 
504.6 578.3 247.5 0.410E-0) 
665.b 735.3 259.8 O.11OE-02 
860.1 968.0 267.6 0.200E-02 
992.9 1018.0 271 .5 0.25fE-02 
--_- ---- ----- --------- 
SURFACE TEAPERATIRE - 272.2 
FLUXES 
WATTS PER SQUARE HETER 
03 





0.92 1 E-05 
0.69 1 E 4 5  
0.16jE-05 
0 .87 1 E-06  
0.347E-o6 
0 . 1 WE-06 
0.55OE-07 
0. h67E -07 
0 393-05 



























291 e 9  
306 9 
























































COOL I NG RATES 
DEGREES / DAY 
CRlS CR9 





























































371 - 1  
500.8 





































o . m ~ - 0 5  
0 . 4 ~ ~  -05 
0.  ~ m - 0 5  
0.10 1 E-05 







0 -25 1 E-02 
FLUXES 
WATTS PER SQUARE HETER -------------------------------------- 
up15 up9 0 ~ 1 5  DNg NT15 
270.3 1 -3  269 .O 
269 7 3-0 266.7 
269 .o 4.3 264.7 
268.3 5.9 262.4 
268.0 268.0 11.3 10.0 256.8 
270.2 270.2 16.6 15.9 253.6 
272.3 272.3 2 1 . 1  20.6 251.2 
275.0 275.0 28.1 27.7 246.9 
280.6 280.6 44.7 44.3 236.0 
296.3 296.3 86.8 86.4 209.5 
318.8 318.8 141.6 141.3 177.2 
346.0 346.0 204.2 203.9 141.8 
376.8 376.8 27i.1 270.8 105.7 
384.9 384.9 292.7 292.4 92.3 
-e--- ----- ----- ----- ----- 
270.1 1 *9  268.2 
267.8 8.2 259.6 
0.570E-05 























92 *5  
COOLING RATES 
DEGREES / DAY ------------- 






















































PA PU ---- ---- 
1 .b 1.9 
2.7 3.7 


























251 - 7  
258 3 
257.5 




0 .  b0OE -05 










0 . 8 9 8 ~  -03 
c-------- 






























































































COOL I NG RATES 

























. . . . . . . . . . . . . . . . . . . . . . . . . . .  
PU(15) , TUI(15) 
TAI( 161, PAI( 16) 
PU(16) , TUI(16) 
TAI( 17 ) , PAI( 17) 
PU(17) , TUI(17) 
TUI(l8) 















. . . . . . . . . . . . . . . . . . . . . . .  
Schematic showing partial cloudiness in one layer 
FIG. 2 
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ORlGlNAC PAGE IS 
OF POOR Q!JALITY 
LEVEL 
LAYER 1 N1 
LAYER 2 N2 
LAYER 5 *5 
/ / / / / /  / / / / / / / / / / / / / / / I /  







TL:...: ...... 2,;:.:... ........ .:.:i:;: ::.:::. 14 ..:::::.-:: .. .... 
..:.:.+::: , .................... :; ....... 
-- 6 
/ / / / / / / / / / / / / / I / / / / / / / / /  




CODE L I S T I N G  
NOTE: Several loops diagnosed by the compiler as being non-vectorizable can in 
fact be vectorized by using vector functions or slight restructuring. Since 
these are usually system-specific, the user is expected to make the nrcessary 
changes. A fully vectorfzed half-precision version of the code designed for 
the CYBXR-205 that is currently being used in the GCM is available from the 





































SUBROUTINE RAD I R  (LH,PL,PL2O,TL,TG,QL.O3L.CLD,CLU. 
1 ATLX . RS, ULWTOP . DLWBOT) 
C 
C***ft****** INPUT PARAfiEfERS **********A 
C 
C LH ....... NUBBER OF LAYERS 
C PL..... ..LAYER HIDDLE PRESSURE IN  EB 
C PLZO.....LAYER BOTTOH PRESSURE I N  HB 
C TL.......LAYER HIDDLE TEBPERATURE IN  KELVIN 
C TG... .... SURFACE TEhPERATURE IN  KELVIN 
C QL ....... WATER VAPOF? HlXlNG RATIO I N  G/G 
C CLD... ... RANDOH OVERLAP CLOUD FRACTION 
C CLU......BAXlHUH OVERLAP CLOUD FRACTION 
C 
C***+c****fc* OUTPUT PARAMETERS *********A 
C 
C ATLX.....LAYER COOLING RATE IN  CELSIUS/DAY 
C RS..... ..NET UPWARD FLUX AT SURFACE IN  W/H**2 
C ULWTOP ... UPWARD FLUX AT TOP OF ATHOSPHERE IN  W/B**2 
C DLWBOT...DOWNWARD FLUX AT SURFACE IN  W/H**2 
C 
C 0 3 ~  ...... OZONE HIXING RATIO IN G/G 
D I BENS I ON PL (72 . 20) . PL20 (72 . 20) ,TL (72 . 20) ,TG (72) 
D I HENS I ON QL (72 . 20) ,03L (72 . 20) , CLD (72 . 20) . CLU (72 . 20) 
D I HENS I ON FE (72.20) . COOLR (72 . 20) 
COHHON/FLUX/FD (72.20). FU (72.20) 
COBHON/AHHN/TA (72,20) .PA (72.20) ,WA (72,20) ,OA (72.20) 
COHHON/CSC/CSS (72 . 20) . CCU (72,201 . CH (72 . 20) , CC (72 . 20) 
COHHON/PRiSS/PU (72 . 20) ,DP (72,201 
COHhON/INIT/NP.NPPl,NPHl 
LOGICAL FIRST/.TRUE./ 
IF(.NOT.FlRST) GO TO 10 
F IRST=.FALSE. 
CALL INDATA 
D I HENS I ON ATLX (72 . 20) . RS (72) . ULKTOP (72) . DLWBOT (72) 





N D ATA= LM 
FAC=3.6*24./10030.*.98 
DO 20 1 4 . 7 2  
PU ( I  * l ) = O .  
PU(I ,2)=1. 
C S S ( l  , l ) = O .  
CCU(l . l ) = O .  
TS (I) -TG ( I )  
DO 30 J=1 ,NDATA 
DO 30 11.1.72 
PA(1.J)-PL(1.J) 
PU (I . J+2)-PL20 ( I  ,J) 
TA(I ,J)=TL( I ,J)  
WA ( 1  . J) -QL ( I  . J) 
OA ( I  ,J)=03L ( I  ,J) 
CSS ( I . J+1) -CLD ( I . J) 
ccu ( I . J+I) LCLU ( I . J) 
CSS(I,J+l)-AHAXl (AHIN1 ( C S S ( I , J + l )  . l . O )  .O.) 
20 CONTINUE 




























DO 40 IP-1,NP 
DO 40 IL-1,72 
FE(IL,  IP)=FD(IL, IP)-FU(IL,  IP) 




RS ( I ) = - F E  ( I  ,NP)*0.001 
DO 60 IP=2,NP 
DO 60 IL11.72 
COOLR(IL, IP)=(FE ( IL,  IP) -FE ( I L ,  IP- l ) )*FAC/DP(IL,  IP) 
DO 70 J=l,NDATA 
DO 70 1-1,72 






UNCOLLAPSIBLE LOOPS REASON FOR NON-VECTORIZATION 
LINE 0026 LINE 0035 STATEHENT CONTAINS NONVECTORIZABLE FUuCTlON 
LINE 0025 LINE 0026 NONVECTORIZABLE LOOP NESTED WITHIN LOOP 
------------------- ............................ 
LINE 0018 LINE 0019 LHS ARRAY HAS POSSIBLY RECURSIVE PROPERTIES 
NUHBER OF LOOPS I N  ROUTINE = 0010 
NUHBER OF VECTORIZABLE LOOPS = 0007 

















C********* READ I N  DATA *******A*** 
C 
COMMON/H2O/GL (3O,20) ,COEFF (30,20,2) 
COHMON/ I NDAT/NUP 1 , NW 
NUP 1 =20 
NU-22 
R E A D  (5,101 DUMMY 
10 FORMAT ( A 1  . / , A 1  , / I  
READ (5.10) DUMMY 
R E A D  (5.20) ( (GL ( I  W, I U) , I W=1, NW) , I U-1 ,NUP 1) 
R E A D  (5,101 DUMHY 





UNCOLLAPSIBLE LOOPS REASON FOR WON-VECTORIZATION 
LINE 0 0 1 1  LINE 001 1 LOOP WITH VARIABLE INlTlAL/TERHlNAL VALUE 
LINE 0011 LINE 0011 STATEHENT I S  NOT AN ASSIGNMENT STATEHENT 
LINE 0009 LINE 0009 STATEWENT I S  NOT AN ASSIGNMENT STATEHENT 
-.----.------------ ............................ 
NESTED WITHIN LOOP 
NUHBER OF LOOPS IN  ROUTINE - 0003 
NUWBER OF VECTORIZABLE LOOPS - 0000 























D I HENS I ON PRE (2) , PR (2) 
DIMENSION X2 (72,20) ,X4 (72.20) ,SZ1 (72,201 ,S22 (72,201 ,XX (72,201 
D I MENS I ON DP I (72,201 ,PA I (72.20) ,TA I (72.20) ,RAW I (72,201 
COMON/PRESS/PU (72.20) , DP (72.20) 
COMON/TEHP/TU I (72,201 
COMON/INlT/NP,NPPl,NPHl 
COHAON/SH2O/UBAR (72,201 .VBAR (72 , 20) , WBAR (72,201 , UBARH (72 . 20) , 
COMON/SCO203/PSCALV (72,201 , PSCALW (72,201 , U (72 , 20) ,V (72 , 20) , 
COHHON/AHHN/TA (72,201 , PA (72.20) , WA (72.20) ,OA (72,201 , NDATA 
DATA PRE/275., 550 ./, PR/30., 300. /, PP/ 1 . / 
NP=NDATA+2 
NPP 1 =NP+ 1 
NPHl-NP-1 
DO 10 IP-2,NP 
DO 10 ,I L-1 ,72 
DP ( I  L,'I P)=PU (I L, I P) -PU (I L, I P-1) 
DPI ( IL, IP)=DP(IL, IP)*1.02 
D I WENS I ON RV (72.20) , RW (72,201 , PM (72,201 , PHV (72,201 , PAW (72.20) 
* , OZA I (72,201 
1 VBARH (72,201 ,WBARB (72.20) 
1 
1 ,  TS (32) 
PSCAHV (72,201 , PSCAHM (72 , 20) , UM (72 , 20) , VH (72,201 
0020 10 CONTINUE 
C 

















DO 2 0  J=l,NDATA 
WA(I,J)=AHAXl (WA(1.J) ,O.lE-12) 
OA ( I  , J) =AHAX1 (OA (I , J) , O .  1E- 12) 
CONTINUE 
DO 30 J=3,NP 
DO 30 1=1,72 
PA I ( I , J) -PA (I , J-2) 
TAI ( I  ,J)-TA ( I ,  J-2) 
RAW1 (I ,J)=WA ( I  ,J-S)*DPI ( I  ,J) 
OZAl (I, J)=OA ( I ,  J-2) *DPI (I, J) 
CONT I NUE 
DO 40 J-3.NPHL 
DO 40 1=1,72 
X2 (I, J) -ALOG (PU ( I ,  J) /PA (I, J-2))  






































X4 (I , J) -ALOG (PA (I, 3-11 /PA (I, J-2)) 
TU1 ( I ,  J)-TA ( t  , J-2)+X2 (I. J) /Xh ( I ,  J) * ( T A  (I ,J-l) -1A (I, J-2)) 
40 CONTINUE 
90 50 1 4 . 7 2  
X2 ( I ,NP) oAL06 (PU ( I , NP) /PU ( I , NPHl) ) 
X4 (I ,NP)=ALOG (PA (I ,NDATA)/PU(I ,NPHl)) 
TU1 (I ,Ne) =TU I (I ,NPAl) +X2 (I ,NP) /Xk  (I ,W) * (TA (I ,NDATA) 
TU1 (l,NPPl)=TS(l) 
DPI ( l , l )=O. 
PA t ( I ,1) a. 
PA1 (I,2)rO.5*PU(I,2) 
DO 60 3=1,2 
DO 60 1=1,72 
TAI (I, J) - 1 A  (I, 1) 
TU1 (I, 3) =lA (I, 1; 
RAW1 (I, J) +A (I ,1) *DPI (I, J) 
OZA I (I ,A)  =OA (I, 1) *DP I (I, J) 




C********** COAPUTE SCALED WATER VAPOR A H O U N t S W * * * * *  
C 
DO 80 IL-1.72 
UBAR (I L, 1) -0. 
V B A R ( I L S l ) 4 . O  
UBAR (I L, 1) 4 . 0  
DO 90 IP-2,NP 
DO 90 IL-1.72 
SZ2 ( I  L, I P) -EXP (0.016* (TA I (I L, I P) -256 .O) ) 
VBAR(IL,IP)=VBAR(IL,IP-l)+RAWI ( IL , IP)*SZl  ( IL , IP)*  
WBAR (I L, I P) +BAR (I L, I P- l )+RAWI (I L, I P) *St2 (I L, I P) * 
XX(IL,IP)-(PA1 (IL,IP)/630.)*RAWI (IL,IP)*RAWI ( IL, IP)/DPI ( IL , IP)  
XX ( I  L , I P) -XX (I L, I P) *EXP (1800 ./TA I (I L, I P) -6.081 1) 
UBAR (I L, I P)-UBAR (I L, I P- l )+XX (I L, I P) 
UBARW (I L, I P) -0.5* (UBAR ( I  L, I P)+UBAR !I L, I P-1) ) 
VBARM (I L, I P) =0.5* (VBAR (I L, I P)+VBAR (I L, I P-1) ) 
WBARW (I L, I P) =0.5* (WBAR (I L, I P) *BAR (I L, I P-1) ) 
80 CONTINUE 
s t i  (I L, I P) -EXP (O.OOS* (TA I (I L, I PI - 2 2 5 4  
1 (PA1 ( IL ,  IP)/PRE(l))  
1 (PA1 (IL,IP)/PRE(2)) 
90 CONTINUE 
C 
C********* COWPUTE SCALED P 2  AROUNTS ********** 
C 
0073 DO 100 IL-1,72 
0074 
0075 
0076 100 CONTINUE 
0077 DO 110 IP-2,NP 
0078 DO 110 IL-1,72 
0079 
PSCALV (I L, 1) -0. 
PSCALW ( I L , 1 )  -0. 
RV ( I  L , I P) -EXP (0.0089* (T . L,IP)-240.0)) 




PW(IL, IP)-ARAXl (PA1 ( IL ,  IP) ,PP) 
PHV (I L, I P) - (PM ( I  L, I P) /PR (1) ) **0.85*RV (I L, I P) 
PHW ( I  L , I P) - (PW ( I  L, I P) /PR (2) **0 .5*RW (I L, I P) 
C 





PSCALV (I L, I P) 0DP (I L , I P) *PHV (I L, I P) Wo26cPSCALY ( 1  Le I P-1) 
PSCALW (I L, I P) 4 P  (I L, I P) * P W  (I L, I P) W.26tPSCALW (I L, I P-1) 
PSCMV (I L, I P) +.5* (PSCALV (I L, I P) +PSCALV (I L , I P-1) ) 
PSCAW ( I L, IP) a . g *  (PSCALW ( I L, I P) HSCALW (I L, I P-I) ) 
110 CONTINUE 
C 
C * M - * *  COhPUTE SCALED OZONE A H O M S  *****e** 
C 
DO 120 IL-1,72 
U(IL, l )=o. 
V ( l L , l ) - O .  
DO 130 IP=Z,WP 
DO 130 1 ~ 4 . 7 2  
UA(l'., l P ~ = o o 5 * ~ u ~ l L *  IP)+U(IL, IP-1)) 
vH( lL ,  IP)*.5*(V(lL, IP)+V(IL, IP-1)) 
120 COWTINUE 
U(IL,IP)=PAI ( IL ,  IP)*OLAI ( IL , IP )+U( IL , IP - l )  



















REASON FOR NOW-VECTORIZATION 
LINE 0096 RHS ARRAY HAS POSSIBLY R UR I V E  PROPERTI 










RHS ARRAY hi;; POSS I BLY RECURS I VE PROPERTI LS 
NONVfCTORlLABLE LOOP NESTED WITHIN LOOP 
RHS ARRAY HAS POSSIBLY RECURSIVE PROPERTIES 
NONVECTORIZABLE LOOP NESTED WITHIN LOOP 
PROPERTY OF EHBEDDED LOOP PROHIBITS 
VECTOR I ZAT I ON OF LOOP 
LHS ARRAY HAS POSSIBLY RECURSIVE PROPERTIES 
STATERENT CONTAINS NONVECTORIZABLE FUNCTION 
NONVECTORIZABLE LOOP NESTED WITHIN LOOP 
NUHBER OF LOOPS I N  ROUTINE = 0020 
f:...!!\BEi? OF VECTORILABLE LOOPS = 0010 












DlHENSlON SV(72.20) ,SW(72,2O) ,TU1 l(72.261 ,TU12 (72.20) 
DIHENSION BAI  (72.20) ,BWI (72,201 
1 X 6  (72,291 X 7  (72 20) X8 (72 , 20) 
OlHENSlON X1 (72.20) 9x2 (72.20) ,X3(72,20) ,X4(72,20) ,XS(72,20) e 
0 I HENS 1 ON BH20V (25) , BH2OW (25) . BLKCO2 (25) , BLKWI N (25) 
DIHENSION FH(73,20) ,DH (72.20) ,F1 (72,201, IT(72,20) 
DIAENSION A(72,20) ,B(72,20) ,C(72,20) , W ( 7 2 , ~ 3 )  ,YV(72,20), 

































1 ZV (72 , 20) ,w (72,20) YW (72 , 20) (72 , 20) 
0 I AEMS I ON D (72,201 , E (72.20) , F (72.20) ,TAUF (72,201 ,TXUF (72.20) 
COnnoN/SH2O/UBAR (72 , 20) , WAR (72 , 20) ,WBAR (72 , 20) , UBARh (72 , 20) , 
COnnOWSCD2O3/PSCALV (72,20! PSCALW (72 ,.20) , U (72 20) , V (72 , 20) , 
COARON/l N IT/NY,NPPl ,NPhl 
COhhON/F LUX/FD (72,201 , FU (72,201 
COAhON/CSC/CSS (72,201 , CCU (72 , 20) , CH (t2.20) , CC (72 , 20) 
CORhONfl EHPITU I (72 , 20) 
DATA TEhP 1 / 190. /, DT/5. /, NT/25/ 
1 VBARh (72 20) PVBARA (72 , 20) 
1 PSCAhV (72 , 20) , PSCAW (72 , 20) UH (72,201 , VH (72 , 20) 
1, CS (72 , 20 , 20) 
C 
C******* H2O PLANCK FUNCTION ****e***** 
C 
DATA BH2OV/2266 1 . , 24086 , 22575. ,27 135. , 28775. ,)O506., 32339. , 
34286.. 3636 1 ,38578.. 40954.. 43505.. 46248.. 49203. ,52388.. 
55824 ,59532 ,63533 r67849.e 72302 , 7iSi6.  ,8291 3 0 887 17 
* * 
* 94952.. 10164W 
* * 
* 215046. ,230390. ,2465394 
DATA BH20W/30708., 34405., 384 17.. 42763 - ,47461. ,52529 ,57985., 
63850., 70 14 1 . ,76880.. 84088., 9 1 784.. 99990.. 108726,. 1 180 16., 
12788 1 . ,138344.. 149429., 16 1 160. ,17356 1 . ,186659. ,200478., 
C 
C******* WINDOW PLANCK FUNCTION ********** 
C 
DATA BLKWI N/1944. ,2377. ,2877. ,3450. ,4102. ,4838. ,5664. ,6585.. * * * 
7606.. 8733. ,9969.. 1 1320., 1 ?788., 14380.. 16097., 
17944., 19923. ,22038.. 24292.. 26685., 2922 1 . ,319C12., 
34729 , 37703 ,40825 / 
C 
C******* C02 PLANCK FUNCTION e******** 
C 
DATA BLKCO2/18606. ,21145. ,23884. ,26826. ,29973.. 33325. ,3688). , 
40647., 446 17.. 48792. ,5”170. ,57750., 62530., 67508., t 
* 114155.,120794., 127601.. 134574./ 
t 72683., 78050.. 836og., 8g354., 95285., i o  1397.. 107688.. 
DO 10 IP=l,NP 
DO i o  1~=1,72 
SHT(IL, IP)-0. 
SHU(IL, IP)-O. 
DO Is IP=l,NP 
DO 15 IX=l.NP 
DO 15 IL=1,72 
SG(lL, I % ,  IP)=O. 
DO 20 IP=l,NPPl 
DO 20 IL11.72 
FH (I L, I P) = (TU1 (I L, I P) -TEWPl) /DT+l .5 
IT(IL,IP)=FH(Il, IP) 
IT(IL, IP)~fiAXO(WINO(IT(IL, IP) ,NT-I), 1) 
F 1  (IL, IP)=FLOAT(IT(IL, 1P)-1) 
DH (I L, I P)=TUI ( I  L, IP) - (TErCPl+F 1 (I L, IP) *@TI 
SV ( I  L I P) mBH2OV (IT (I L, I P) ) + (BH2OV (IT (I L, I P) +1) -BH2OV ( I T  (I L, I P) 
1 ) *OH (I L, I P) /DT 
SW(1 L, I P)-BH20W ( I T  (I L, I P) + (BH2OW (IT (I L, I P ) + l )  -BH2OW (If (I L, I P) 
1 1 *DH (I L, I P) /DJ 




BUI (I L, I PI  4 lLKYIN ( IT ( I  L. I P) )+ (ELKWIN ( I T  (I L. I P ) + l l  -ELKWIN (IT 
1 ( I  L. I P I  ) 1 *DH (I L, I P) /DT 
20 CONTINUE 
DO 30 IP=l.NPPl 
DO 30 IL-1.72 
SH(IL. IP)=SV(IL, IP)+SU(IL, I P ) + ~ A I  (IL. IP)+BWI (IL. IP) 
TU11 (IL,IP)mTUI ( IL. IP)-250. 


















DO 40 IP=2,NP 
DO 40 ;L=1,72 
A (I L, I P- 1) =ABS (UBAR (I L, I P) ) 
B ( I L , I P- 1) =ABS WAR ( I L , I P) 
c ( I  L. I P- 1) =ABS (WAR (I L. I P) ) 
CONT I NUE 
JPiNPHl 
CALL TABLE (JP, A.B. C.W. YV. 21 W.YW.zY) 
CALL GFUNC (JP, A, B. C, WV, YV. ZV. W, YW.rW) 
DO 45 IP=2,NP 
DO 45 IL=1,/2 
x i  (IL,IP)IWV(IL.IP-I)*SV(IL,~) 
X2 ( I  L, I P) =1 .+YV (I L. I P-1 j *TU1 1 (I L, 1) +ZV (I L, I P-1) *TU1 2 (I L, 1) 
X3(IL,  IP) Iww( IL .  IP-l)*SW(IL. 1) 
SHT ( I  L, I P) -x 1 ( I  L, I P) *x2 (I L, I P)+Xf ( I  L * I P) *x4 (I L, I P) 
X4 (I I-, I P) =l .+YW ( I  L, 19- 1) *TU I 1 ( I  L, 1) +ZW (I L, I P- 1) *TU1 2 (I L. 1) 
CONT I NUE 
DO 50 IP=l,NPHl 
DO 50 IL11.72 
7 (I L, I P)=ABS ( W A R  (I L,NP) -VBAR (I L, I P)) 
CONTI WEE 
A (I L, 1 P) -ABS (UBAR (I L,NP) -UBAR (I L. I P) 1 
c ( I  L, f P) -ABS (WBAR ( I  L,NP) +BAR (I L, I P) 1 
J P - N P ~ ~ ~  
CALL TABLE (JP,A,B,f W,YV,ZV,W,YW,tW) 
CALL G F U N C ( J P . A . B , C , W I Y V , ~ V , ~ l Y W , ~ )  
DO 55 IP-l.NPH1 
no 55 IL=1,72 
x i  (IL, IP)IWV(IL. 
x2 ( I L , I P) = 1 .+YV ( 
x3 (I L, I k) =w (I L, 
X4(1L,IP)=l.+YW( 
x5 (I L, I P I  =wv ( I  L , 
X6 ( I 1, I P) = 1 .+YV ( 
X7( lL ,  l P ) = W ( I L *  
P)*SV(IL,NPPI) 
L, IP)*TUI 1 (IL,NPPl)+ZV(IL,IP)*TUl2(IL,NPPl) 
P)*SW(IL,NPPl) 
L, IP) *TU1 1 (I L,NPPl)+rW (I L, IP) *TU12 (I L,NPPl) 
P) *SV ( I L ,NP) 
L , I P) *TU1 1 ( I  L,NP)+fV ( I  L, I P) *TU1 2 (I L ,NP) 
e) *SW(IL,NP) 
X8 ( I  L, I P) =I .+YW (I L, I P) *TU I 1 (I L ,NP) +ZW ( I  L, I P) *TU1 2 (I L ,NP) 
SHU(IL, IP)=Xl ( I L ~ I P ) * X 2 ( l L , I P ) + X 3 ( I L , I P ) r X 4 ( 1 L , I P ) -  
1 
'CGNT I NUE 
X s  (I L, I P) *X6 ( I  L, I P) -X7  (I L, I P) *X8 (I L, IP) 
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DO 75 IP2,WP 
00 60 l X - 2 , l P  
DO 60 1~-1,72 
B (I L, I X- 1) =ABS (VBAR (I L, I P) -WARM (I L, I X) 1 
c (I L, I X- 1) =ABS (YBAR (I L . I P) -YBARII (I L . I x) 1 
A (I L . I X-l)=ABS (WAR (I 1, I P) -UBARII ( I  L . I X) 
60 COWTIWUE 
JP I IP -1  
CALL TABLE (JP, A, 8, C .We YV, 2V.W. YUsa) 
CALL G F U W C ( J P , A , S , C , W V . Y V . ~ . ~ . Y U . ~ )  
DO 70 IX-2.1P 
DO 70 IL-1.72 
x i  (IL. i x - i ) IWv( i~ ,  ix-i)*sv(iL. Ix-1) 
XZ(IL.IX-I)-I.+YV(IL.IX-~)*TUI 1 (IL.IX-I)+AWL.IX-~) 
X)(IL. I X - l ) W ( l L ,  IX-l)*SW(IL. IX-1) 
X4(IL,  IX- l )= l .+W( lL ,  !X-I)*TUI 1 ( IL,  IX - l )+TW( IL ,  IX -1 )  
1 *TUIZ(IL, IX -1 )  
X j ( l L ,  I X - I ) W ( I L ,  IX- l )*SV(IL.  1x1 
X6(IL,IX-l)- l .+YV(IL, IX-I)*TUI 1 ( IL. IX)+ZV(IL, IX- l ) *TUI2( lL,  I X )  
X7(1L, l X - l ) = W ( l L *  IX- l ) *SW(IL ,  1x1 
X ~ ( I L .  IX-I)=I .+W(IL.  IX-I)*TUI 1 ( IL , IX)+ZY( IL , IX- I ) *TUI~( IL ,  I X )  
SG(IL.IX-I,  IP)=Xl ( IL ,  I X ~ l ) * X 2 ( I L , l X - l ) + X 3 ( I L , I X - l ) * X ~ ( I L . I X - l )  








C ~ * * r m * * U P W A R O  FLUX SG ( I X , I P) ******** 
C 
DO 95 IP=l,NPHl 
I PlrWP- I P 
DO 80 IX-1, IPl  
00 80 IL-1.72 
B ( I  L, I X) -ABS (WAR ( I  L. IP) --ARB (I L, I X+I P) ) 
la \ IL,IX)4BS(WBAR(IL, IP)-UBARH(lL,IX+IP)) 
JP= lP l  
CALL TABLE (JP, A. 6,  C ,WV, YV,ZV,W, YW, ZW) 






00 go I x = i . l P l  
00 90 IL=1,/2 
x i  (IL,IX)-W(IL, IX)*SV(IL, IX+IP) 
X2(IL, IX)=l .+YV(IL,  IX)*TUI 1 ( IL .  IX+IP)+ZV(IL, IX)*TU12(1L, IX+IP) 
X I I I L ,  IX ) -ww( IL ,  IX)*SW(IL, IX+IP) 
X4(~L,IX)~l.+YW(IL,IX)*TUll ( IL , IXt lP)+ZW(IL,  IX ) *TU l2 ( lL ,  IX+IP) 
x5 (I L, I x) -wv (I L, I X) *sv ( I  b ,  I X+I P-1) 
X ~ ( I L , I X ) - ~ . + Y V ( I L ,  I X ) * T U l l  ( I L ,  IX+IP- l )+ZV(IL, IX) 
X’l(lL,IX)=Ww(IL, IX ) *SW( IL ,  I X + I P - I )  
1 *TU I 2 ( I L , I X+ I P- 1 ) 
Xa ( IL , I x )= l .+yu ( IL ,  IX)*TUI 1 ( ~ ~ , ~ x + r ~ - i ) + z w ( i L , ~ x )  
1 
1 
*TU1 2 (I L, i X+I P- 1) 
SG ( I  L, IX+IP, IP)=X1 (I L, I X )  *X2 ( IL ,  I X ) + X 3  ( IL ,  I X )  *X4 (I L, I X )  - 
~5 (I L, I X) *X6 (I  L, I X) 0x7 ( I  L, I X) *X8 ( I  L, I X I  
90 CONTINUE 















































C- C02 AND 03 *- 
C- f+++**f**** 
C 
DO 140 I P 2 , N P  
00 140 IL-1.72 
A (I L, I P- i)=ABS ( P ~ C A L V  (I L. I P) 1 
C(IL,IP-I)=ABS(WBAR(IL.IP)) 
D ( I  L , I P- 1) =ABS (UBAR (I L, I P) 1 
E (I L. 1p-i) =ABS (V ( I  L. I P) ) 
B ( I  L. I P- 1) =ABS (PSCALW (I L, I P) ) 





CALL TRC03 (JP, A.B. C .D , E , F ,TAW ,TXUF) 
DO 145 IP2,NP 
DO 145 IL=1,72 
SHT(IL,IP)=SHT(IL,IP)+8AI (IL,l)*TAUF (IL.IP-1) 
+BY1 (I L, 1) *TXUF (I 1. I P- 1) 1 
145 CONTINUE 
DO 150 IP=l,NPHl 
DO 150 IL=1,72 
A (I L. IP) =ABS (PSCALV ( I L,NP) -PSCALV ( I  L, I P) ) 
B ( I  L, IP) -ABS (PSCALW ( I L.NP) -PSCALW (I L. I P) ) 
c ( I  L , I P) -ABS (WAR ( I  L, NP) -WBAR ( I  L , I P) 
E(IL.IP)-ABS(V(IL,NP)-V(IL,IP)) 
D (I L, IP) -ABS (UBAR ( I  L,NP) -WAR ( I  1, IP) 
F (I L. IP) -ABS (U (I L,NP) -U ( I  L, I P) ) 
JP4PAl 
CALL TRCO) (JP, A, B, C,  D ,E , F .TAM ,TXUF) 
DO 155 IP=l.NPAl 
DO 155 IL=1,72 
SHU (I 1, I P) =SHU (I L, IP)+ (BAl ( I  L.NPP1) -BA I ( I  L,NP) ) *TAW ( I  L, I P) 






C*********DOWNWARD FLUX SG(IX,IP)************ 
C 
DO 175 IP=2,NP 
DO 160 IX=2,1" 
DO 160 IL-1,72 
A (I L,  i~-i)=ABs (PSCALV (I L,  I P) -PSCAHV (I L, I x)) 
B (I L, I x-i)=Aes (PSCALW (I L, IP) -PSCAHW ( I L, I X) ) 
E (I L, ix-1) =ABS (V ( I  L,  I P) -VH ( I L.  I X) ) 
C(IL,IX-l)=ABS(~AR(IL,IP) -WBARW(IL,IX)) 
D (I L , IX-l)=ABS (UBAR ( I  L,  I P) -UBARR ( 1  L ,  I X ) )  
F (IL,IX-l)=ABS(U(IL,IP)-UH~lL,lX)) 
JP-l P-1 




DO 170 IX-~,IP 












































~6(IL,IX-l,lP)~SG(IL,IX-l,lP)+(BAI ( IL , IX- l ) -BAI  (IL,IX)) 
I 
2 WXUF (IL, IX-1) 




C*++****+*UPUARD FLUX S C ( I X , I P ) W * * m * *  
C 
DO 195 IP=l,NPRl 
I P l U P - I P  
DO 180 IL=1,72 
A ( I  L, I X) =ABS (PSCALV (I L, I P) -PSCAnV (I L a  I X + I  P)) 
B ( I  L, I X) =ABS (PSCALU ( I  L, I P) -PSCAW (I L, IX+ I  P)) 
C (I L , I X) =ABS (WAR (I L , I P) -UBARfl (I L I X+I P) ) 
E( IL , IX )=ABS(V( IL , IP ) -VH( IL , I~+ IP ) )  
F(IL,IX)=ABS(U(IL, IP)-UW(IL.IX+IP)) 
JP= lP l  
DO 180 I X = l , I P l  




CALL n c 0 3  (JP.A,B. C, D, E , F ,TAW ,TXUF) 
DO 190 IX= l . IP?  
DO 190 IL11.72 
SG(IL, IX+IP, IP)=SG(IL, IX+IP, IP)+(BAI ( IL ,  IX+IP)-BAI ( IL .  IX+IP-1)) 
1 
2 *TXUF ( IL .  I X )  






DO 210 IP=l,NP 
DO 210 ILr1.72 
FU( lL ,  IP)=O. 
FO ( I L , I PI  -0. 
210 CONTINUE 
C 
C*********** COMPUTE DOWNWARD FLUXES ********** 
C 
DO 230 IP=2,NP 
DO 215 IL-1.72 
SUM ( I L) 10.  
I PM1= I P- 1 
DO 220 IX=l , IPMl  
DO 220 IL11.72 
SUn(lL)=SUH(lL)+SG(lL, I X ,  IP)*CS(IL,  IX,  IP)  
00 225 I L=1,72 






C**jr**r*W* COMPUTE UPWARD FLUXES ************ 
C 
DO 250 IP=l,NPMl 
DO 235 IL=1,72 


















DO 210 IX=IPPl,NP 
DO 240 IL11.72 
SWr(lL)*SUR(iL)+SG(lL, IX,IP)+CS(lL, I X ,  IP) 
2kO CONTINUE 
DO 245 1 ~ 1 1 . 7 2  
FU (I L. I P) =sun ( I I)+SHU (I L. I P) *CC (I L, I P)+SH ( I  L, I P) 
245 CONTINUE 
250 CONTINUE 

















































PROPERTY OF EHBEDDED LOOP PROHIBITS 
VECTOR I ZAT 1 ON OF LOOP 
PROPERTY OF EABEDDED LOOP PROHIBITS 
VECTORIZATION OF LOOP 
PROPERTY OF EHBEDDED LOOP PROH I BITS 
VECTOR I ZAT I ON OF LOOP 
PROPERTY OF EHBEDDED LOOP PROHIBITS 
VECTORIZATION OF LOOP 
LOOP WITH VARiABLE lNlTlAL/TERHlNAL VALUE 
NESTED WITHIN LOOP 
PROPERTY OF EHBEDDED LOOP PROH I BITS 
VECTORIZATION OF LOOP 
LOOP WITH VARIABLE INITIAL/TERHINAL VALUE 
NESTED WITHIN LOOP 
PROPERTY OF EABEDDED LOOP PROH I BITS 
VECTORIZATION OF LOOP 
PROPERTY OF EHBEDDED LOOP PROY I BITS 
VECTORIZATION OF LOOP 
PROPERTY OF EABEDDED LOOP PROHIBITS 
VECTOR I ZAT I ON OF LOOP 
PROPERTY OF EABEDDED LOOP PROHIBITS 
VECTORIZATION OF LOOP 
LOOP WITH VARIABLE INITIAL/TERHlNAL VALUE 
NESTED WITHIN LOOP 
PROPERTY OF EABEDDED LOOP PROHl BITS 
VECTORIZATION OF LOOP 
LOOP WITH VARIABLE INITIAL/TERHlNAL VALUE 
NESTED WITHIN LOOP 
PROPERTY OF EABEDDED LOOP PROHIBITS 
VECTORIZATION OF LOOP 
PROPERTY OF EABEDDED LOOP PROHIBITS 
VECTOR 1 ZAT I ON OF LOOP 
PROPERTY OF EABEDDED LOOP PROH I BITS 
VECTORIZATION OF LOOP 
PROPERTY OF EABEDDED LOOP PROH I BITS 
VECTORIZATION OF LOOP 
PROPERTY OF EABEDDED LOOP PROHIBITS 
VECTOR I LA1 I ON OF LOOP 
STATEMENT CONTAINS NONVECTOF.lZABLE FUNCTION 
LOOP WITH VARIABLE INITIAL/’IERAlNAL VALUE 
NESTED :.i 1 TH I N LOOP 
N W E R  OF LOOPS I N  ROUTINE = 0058 
N W E R  OF VECTORILABLE LOOPS * 0037 











































SUBROUT I NE TABLE (N, A, B, C,W, YV,ZV, HI, YW,ZW) 
D I HENS I ON KW (72,201 , FW (72,201 , KU (72.20) , FU (72,201 
Dll!ENSlON ADEL (72.20) ,BDEL (72.20) ,MIEL (72.20) 
DIHENSION A(72.20) ,B(72,20) ,C(72,20) ,W(72,20) ,YV(72,20), 
COMON/lNDAT/NUPl,NW 
CONHON/H2O/GL (30,201 , COE FF (30.20.2) 
DATA SV/-6./,SW/-5.4/,OW/O.3/,OU/O.~3/ 
N W U P  1 - 1 
DO 10 J-1,N 
DO 10 111.72 
B ( I , J) =AHAX 1 (8 ( I , J) , 1 . E -6) 
B (I , J) -ALOGlO (B (I, J)) 
KW ( I , J) 
KW (I, J) 4 l N O  (KW (I, J) ,NW-1) 
ADEL(I,J)=(COEFF (KW(I,J)+l,NUPl,l)-COEFF(KW(1.J) ,NUPl,l)) 
BDEL (I, J)= (COEFF (KW (I, J) +1 ,NUP 1.2) -COEFF (KW (I , J) ,NUPI, 2) ) 
WDEL (I , J) = (GL (KW (I , J) +1 ,NUPI) -GL (KW ( I , J) ,NUPI) ) *FW (I , J) 
WV ( I  , J) =GI- (KW (I, J) ,NUPl)+WDEL (I , J) 
W V ( I , J ) = A H A X l  (WV(1.J) ,O.O) 
ZV ( I  , J) 4.001* (COEFF (KW ( I ,  J) ,NUPI, 2) +BDEL ( I ,  J) ) 
KU(1 ,J)=HlNO(KU(l,J) ,NU-1) 
C (I ,J)=ARAXl (C (I ,J) ,l .E-6) 
C (I , J)-AHAXl (C (I , J) ,SWj 
KW (I , J) 
KW(I ,J)=HlNO(KW(l,J) ,NW-I) 
FW (I ,J)=(C (I, J) - (SW+FLOAT(KW ( I  , J) -1) *DW)) /DW 
ADEL (I, J ) = ( C O E f F  (KW (I, J)+1 ,KU ( I ,  J) , 1 )  -COEFF (KW (I, J) ,KU (I, J) ,1) ) 
1 *FW (I , J)+ (COEFF (KW (I, J) ,KU (I, J)+1,1) -COEFF (KW ( I  , J) ,KU (I, J) , I )  ) 
2 *FU(I,J) 
BDEL (I, J)= (COEFF (KW (I, J) +1 ,  KU ( I ,  J) ,2) -COEFF (KW (I, J) , KU (I, J) ,2) ) 
1 *FW ( I  , J)+ (COEFF (KW ( I  , J) ,KU (I, J) +1,2) -COEFF (KW ( I  , J) ,KU (I  , J) ,2) ) 
2 *FU(I ,J) 
1 
1 L V  (72 , 20) , WW (72 , 20) , YW (72 , 20) , ZW (72 , 20) 
(B ( I , J) -SV) /OW+ 1 .SO0 1 
F W ( I ,  J) = (B (I, J) - (SV+FLOAT (KW ( I , J) - I )  *OW) /OW 
1 *FW(I,J) 
1 *FW(I,J) 
YV (I , J) =O.l* (COEFF (KW (I , J) ,NUPI, ))+ADEL (I, J) ) 
KU ( I ,  J) =A (I, J) /DIJ+I .5 
FU ( I  , J) = (A (I , J) -FLOAT (KU (I , J) - 1) *DU) /DU 
c ( I  , J) = A L O G ~ O  (C (I, J) ) 
(C (I , J) -SW) / O U + l . ~ O O l  
WDEL (I, J)= (GL (KW ( I ,  ~ ) + 1  ,KU (I ,J) 1 -GL (KW (I, J) ,KU ( I ,  J)))  *FW (I, J)+ 
ww ( I ,  J) =GL (KW (I, J) ,KU ( I  , J) )+WDEL (I , J) 
(GL (KW ( I  , J) ,KU (I , J)+l) -GL (KW ( I ,  J) ,KU (I , J) ) *FU ( I  , J) 
W W ( l  ,J)=AMAXl (W(I  ,J) ,O.O) 
YW ( I  , J) 90.  l* (COEFF (KW (I, J) , KU (I , J) , 1 )  +ADEL (I, J) ) 
ZW (I, J) =0.001* (COEFF (KW (I, J) ,KU (I , J) ,2)+BDEL (I , J)) 
10 CONTINUE 
RETURN 46 
004 1 END 
UNCOLLAPS 1 BLE LOOPS REASON FOR NON-VECTORIZATION 
LINE 0010 LINE 0038 RHS ARRAY MUST BE REAL, INTEGER, LOGICAL, 
LINE 0009 LINE 0010 NONVECTORIZABLE LOOP NESTED WITHIN LOOP 
------------------- ............................ 
HALF PRECISION, OR COMPLEX 
NURBER OF LOOPS I N  ROUTINE = 0002 
NUMBER OF VECTORIZABLE LOOPS = 0000 



































DIMENSION A(72,20) ,B(72,20) ,C(72,2O) ,WV(72,20) .YV(72,20), 
DIMENSION A 1  (72.20) ,A2 (72,201 ,A3(72,20) ,B1 (72,201 ,B2 (72,20), 
DO 20 J=l,N 
A1 (I, J)= (1.0+32.2095*A (I, J)) / (1.0+52.85*A (I, J) 
A2 ( I , J) = (0.534874+ lgg.O*A ( I , J) - 1990.63*A ( I , J) *A ( I , J) ) / ( 1 . O+ 
A 3  (I , J) = (1.0+74.144*A ( I , J) / (0.4336&24.7442*A ( I , J) 
DO 30 J=l,N 
DO 30 111.72 
WW ( I ,  J)= ( A 1  (I, J)+A2 ( I ,  J) *SQRT (C (I, J) ) ) 
WW(I,J)=AMAXl (WW(I,J) .O.O) 
WV ( I ,  J) = l  .O/ (1 .Wg. 224 1 l*SQRT (8 ( I ,  J)  ) +33.1236*8 ( I  , J) +176.396 
WV(I,J)=AMAXl (WV(I,J),O.O) 
DO 40 J-1,N 
A( I ,J)=AHlNl  (A(I,J) ,0.06) 
B ( I  , J ) = A M I N l  (B(1 ,J) ,2 .0)  
C(I ,J )=AHlNl  (C(1.J) ,8.0) 
DO 50 J=l,N 
YV( l  ,J)=O.t* (O.O8~106g*SQRT(B(l  ,J))+0.323105*8(1 ,J) -0.;87096 
ZV (I , J) =P .OO 1 * (0 2 3 9  186*B ( I  , J) -0.092228g*B ( I , J) *SQRT (B ( I  , J) ) - 
1 ZV(72,20) .WW(72,20) .YW(72,20) ,ZW(72,20) 
1 B3(72,20) ,B4(72,20) ,C1 (72.20) .C2(72,20) ,C3(72,20) ,C4(72,20) 
DO 20 1=1,72 
1 333.244nA ( I ,  J)) 
20 CONTINUE 
1 / (1 .*A3 ( I ,  J) *SQRT (C ( 1 ,  J) 1) 
1 *B( I  , J ) *B( I  ,J ) )  
30 CONTINUE 
DO 40 1=1,72 
40 CONTINUE 
DO 50 1=1,72 
1 *B ( I  ,J)*SQRT(B(I , J ) ) )  
1 0.016741 3*B (I, J)  *B ( I  , J) ) 
50 CONTINUE 
DO 60 J=l,N 
B1 (l,J)=(5.6383€-4+1.05173*A(I ,J)-39.0722*A(I  , J ) * A ( I  , J ) )  
/ (1.0+202.357*A ( I  , J) 1 
82 ( I  , J) = (0.0779555+4.h0720*A ( I ,  J) +3.1585 l * A  ( I ,  J) *A (I , J) ) 
1 / (1.0+40.2298*A ( I ,  J ) )  
















83 ( 1  * J)= (-0.0381 )05-3.63684*A (I, J) +7.98951 *A (I * J) *A (I * J) ) 
84 (I J) (0.0062 10390.7 10061*A (I J) -2 .a524 l * A  ( I  J) *A (I J) ) 
1 / (1.0+62.5692*A ( I  ,J))  
1 /(1.0+70.2912*A(l ,J)) 
1 
YW ( I  J) =0.1* (B l  ( I ,  J)+B2 ( I  J) *SQRT (C (I J) )+e3 (I, J) *C (I * J) 
60 CONTINUE 
+B4 ( I  * J) *C ( I  * J) *SQRT (C (I, J) ) ) 
DO 70 J-1.N 
DO 70 1-1,72 
C1 ( I  J) = (-2.99542E-bO .2382 19*A (I , J) +0.519264*A (I , J) *A ( I  , J) ) 
C2 (I, J)=(-O.O2913i j -2 . j0007*A (I * J)+10.9460*A (I, J) *A (I * J)) 
1 
C 3  (I, J)= ( 0 . 0 i ~ 3 8 l i + l . 8 0 2 6 5 * A  (I , J) -10.131 l * A  ( I  , J) *A (I , J) ) 
C4 ( I  J) 
1 / (1.0+10.7775*A I , J) 1 
/ (1.0+63.519*A ( I  ,J) 1 
1 /(1.0+98.4758*A(l,J)) 
1 / (1 .a+120.228*A ( I  J) ) 
1 
( - 0 . 0 0 2 3 9 0 1 6 - 0 . ~ ~ 1 ~ 2 ~ * A  (I, J) +2.35443*A ( I  , J) *A ( I  , J) ) 
ZW ( I  * J)=O.OOl* (C1 ( I ,  J)+C2 ( I  * J) *SQRT (C (I * J))+C3 (I J) *C (I, J) 




UNCOLLAPSIBLE LOOPS REASON FOR NON-VECTORIZATION 
LINE 0018 LINE 0021 STATEhENT CONTAINS NONVECTORIZABLE FUNCT 
LINE 0017 L I NE 00 18 NONVECTOR I ZABLE LOOP NESTED W I TH I N LOOP 
LINE 0010 LINE 0011 NONVECTORIZABLE LOOP NESTED WITHIN LOOP 
------------------- ............................ 





















NUMBER OF LOOPS IN  ROUTINE = 0012 
NUHBER OF VECTORIZABLE LOOPS = 0008 
NUMBER OF STACKLIBED LOOPS = 0000 
SUBROUTINE TRCOj (N, A,B, C,D, E ,  F ,TAUF ,TXUF) 
C 
C 
DlHENSlON A(72.20) * B  (72.20) ,C (72920) * D  (72,201 , E  (72,201 t F  (72,20) 
D I MENS I ON TAUF (72,201 ,TXUF (72,201 
DlHENSlON XV(72,20) , X W  (72.20) .XZ (72,201 ,DX ( 7 2 m  ,DY (72,20) 
0 Jx1.N 
0 1=1,72 
, J) =3 .1*A  (I, J) / ( 1  .+15.1fcA ( I  , J) *fcO.56) 
, J) =0.04*B ( I  , J)  / (1 .+O.g*B ( I ,  J) **0.57) 
, J)=6.7fic ( I ,  J) / ( 1  .+16.*C ( I  * J) nn0.6) 
* J )  =27 .*D ( I  , J) **0.83 
, J ) = X V  ( I ,  J)+DX ( I  ,J)+DY ( I ,  J)  
, J) =XW ( I , J) +DX ( I , J) +DY ( I , J)  
XV(I  ,J)=AMINl (XV(I  ,J) ,3O.) 
X W ( l  ,J)=AMINl (XW(I ,J) ,3O.) 
TAUF ( I  ,J)=O.384615384fcEXP ( - X V ( I  ,J))+O.615384615*EXP (-XW(I , J ) )  
DY ( I  ,J)=9,799;D(I ,J) 
DY(I,J)=AMINl (DY( l ,J) ,30. )  
F ( I  , J ) = F ( I , J ) / ( E ( l , J ) * 1 0 1 3 . 2 5 )  




002 3 10 CONTINUE 
0024 RETURN 
0025 END 
XZ (I ,  J)=-4.398*F (I  ,J) *(SQRT ( 1  .+XZ (I ,  J ) )  -1  .) 
XZ (i , J) =l .o-81.21/120 .O* ( 1  .O-EXP (XZ (I, J) ) ) 
TXUF (I, J) =XZ (I ,  J) *EXP (-DY ( I  , J ) )  
UNCOLLAPS I BLE LOOPS REASON FOR NON-VECTORIZATION ------------------- ............................ 
LINE 0006 LINE 0017 STATEHENT CONTAINS NONVECTORIZABLE FUNCTION 
LINE 0005 LINE 0006 NONVECTORIZABLE LOOP NESTED WITHIN LOOP 
NUHBER OF LOOPS IN ROUTINE = OOCZ 
NUHBER OF VECTORIZABLE LOOPS = 0000 
NUHBER OF STACKLIBED LOOPS = 0000 






0005 DO 10 IP=l,NP 
0006 DO 10 IL=1,72 
0007 CH(IL,IP)=I.O 
0008 CC(lL, IP)=l .G 
0009 CT ( I  L ,  I P) =I .O 
0010 CU(lL,  IP)=1 .o 
COHHON/CSC/CSS (72,201 , CCU (72,201 , CH (72,201 , CC (72,201 
1, CS (72,20,20) 
D I HENS I ON CT (72,201 , CU (72,201 , CR (72.20.20) 
001 1 10 CONTINUE 
0012 DO l j IP=l,NP 
0013 DO 15 IX=l,NP 
0014 DO 15 1 ~ - 1 , 7 2  
0015 
0016 
0017 15 CONTINUE 
0018 DO 20 IP=2,NP 
0019 DO 20 IL11.72 
0020 C T ( I L ,  i P ) = i  .-CCU(IL, IP-1) 
cs (I  L, I x, I P) =1 .o 
CR ( I L , I x , I P) - 1 .o 
002 1 
0022 
002 3 20 CONTINUE 
0024 DO 30 IP-2,NP 
0025 DO 30 IL=1,72 
0027 j0 CONTINUE 
0028 DO 40 I-1,NPMl 
0029 I P-NP- I 
CT(IL,IP)=AMlNl (CT(IL,IP-1) ,CT(IL, IP ) )  
CH ( I  L, I P)=CH ( I  L, IP-1) * (1 . -CSS (I  L, I P-1) ) 
0026 CH (I  L, I P) -CH ( I  L ,  IP) *CT (I L, I P) 
0030 DO 40 1 ~ - 1 , 7 2  
003 1 CU( IL ,  I ~ ) = i . - c c u ( t ~ , i ~ )  
0032 
0033 
cu ( I  L ,  I P) =AMI N 1 (cu (I L , I p+i) , cu ( I L ,  I PI 
cc (I  L, I P) =CC (J L, I P+I) * (1 .-css (I  L, I P) ) 






































DO 50 I-1,NPHl 
I P=NP- I 
DO 50 1 ~ 1 ~ 7 2  
cc (I L, I P) =CC (I L, I P) *cu (I L, I P) 
50 CONTINUE 
DO 60 IP=2,NP 
I P h l  I P- 1 
DO 60 IX-1,IPMl 
DO 60 IL=1,72 
CR ( IL ,  I X ,  I P ) = l  .-CCU ( IL ,  IP-1) 
CR(IL,IX,IP)=AHINl (CR(IL, IX, IP- l )  ,CR(IL,IX,IP)) 
cs (I L, I x, I P) =cs (I L, I x, I P- 1) * (1. -css (I I., I P- 1) ) 
60 CONTINUE 
DO 70 IP-2,NP 
I P h l f  l P- 1 
DO 70 IX= l . lPMl  
DO 70 IL+1,72 
cs ( I  L, I X, I P) =CS ( I L. I X, I P) *CR ( I L, I X, I P) 
70 CONTINUE 
DO 80 I=l,NPHl 
I P-NP- I 
I PPl- l  P+l 
DO 80 IX=lPPl,NP 
DO 80 IL=1,72 
CR (I L, I X, I P) = I  . - N U  (I L, IP) 
CR ( I  L, 1 X, I P) =AH1 N 1 (CR (I L . I X, I P+1) , CR (I L, 1 X, I P) 
cs (I L . I X, I P) =CS ( I L, I X, I P+I) * ( I  .-csS (I L, I P) 
80 CONTINUE 
. 00 go I=l,NPHl 
I P=NP- I 
I PP 1 - I P+ 1 
00 90 IX-IPP1,NP 
DO 90 IC-1,72 


















REASON FOR NON-VECTORIZATION 
LINE 0066 LOOP WITH VARIABLE INITIAL/TERhINAL VALUE 
LINE 0057 LOOP WITH VARIABLE INITIAL/TERMINAL VALUE 
LINE 0061 PROPERTY OF EHBEDDED LOOP PROHIBITS 
LINE 0060 STATEMENT CONTAINS NONVECTORIZABLE FUNCTION 
............................ 
NESTED WITHIN LOOP 
NESTED WITHIN LOOP 
VECTOR I ZAT I ON OF LOOP 
L INE 0050 LOOP WITH VARIABLE INITIAL/TERE\INAL VALUE 
NESTED WITHIN LOOP 
NESTED WITHIN LOOP 
LINE 0042 LOOP WITH VARIABLE INlTlAL/TERMlNAL VALUE 
LINE 0046 RHS ARRAY HAS POSSIBLY RECURSIVE PROPERTIES 
LINE 0043 NONKCTORIZABLE LOOP NESTED WITHIN LOOP 
LINE ~ 0 3 8  PROPERTY OF EMBEDDED LOOP PROHIBITS 
LINE 0033 PROPERTY OF EHBEDOED LOOP PROHIBITS 
VECTOR I ZAT I ON O F  LOOP 
VECTOR I ZAT I ON O F  LOOP 
LINE 0032 STATEMENT CONTAINS NONVECTORIZABLE FUNCTION 
LINE 0022 RHS ARRAY HAS POSSIBLY RECURSIVE PROPERTIES 
LINE 0018 
LINE 0 0 1 2  
LINE 0019 NONVECTORIZABLE LOOP NESTED WITHIN LOOP 
LINE 0013 LOOP WITH VARIABLE INITIAL/TERHINAL VALUE 
NESTED WITHIN LOOP 
NUHBER OF LOOPS IN  ROUTINE = 0 0 2 5  
NUHBER OF VECTORIZABLE LOOPS = 001 1 
NUHBER OF STACKLIBED LOOPS = 0000 
5 1  
